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ABSTRACT 


The  elastic-plastic  fracture  toughness 
parameter  Jic  has  been  determined  for  HY  80, 

HY  130,  10  Ni  steel,  17-4pH  steel,  and  titanium 
alloys  Ti-6Al-2Cb-lTa-0.8Mo,  Ti-7Al-2Cb-lTa, 
and  Ti-6Al-4v.  Tests  were  carried  out  at  room 
temperature  by  use  of  a multiple-specimen  test 
method  and  a newly  developed  single-specimen 
computer  interactive  test  procedure.  Ji  is 
shown  to  be  an  effective  parameter  in  describ- 
ing fracture  toughness  on  the  basis  of  both 
crack  initiation  and  crack-growth  resistance. 

The  computer  interactive  test  procedure  is 
shown  to  produce  equivalent  results  when  com- 
pared with  the  multiple-specimen  test  method 
and  possesses  distinct  advantages  over  that 
method . 

ADMINISTRATIVE  INFORMATION 

This  study  was  sponsored  by  the  Naval  Sea  Systems  Command 
(SEA  03522)  and  was  performed  under  the  Surface  Ship  Block, 

Work  Unit  1-2803-168.  The  program  manager  is  Dr.  H.  H.  Vander- 
veldt,  Naval  Sea  Systems  Command  (SEA  05522),  and  the  block 
principle  is  Mr.  R.  J.  Wolfe,  David  W.  Taylor  Naval  Ship 
Research  and  Development  Center  ^Code  28). 

INTRODUCTION 

The  use  of  linear  elastic  fracture  mechanics  for  the  pre- 
diction of  fracture  of  flawed  structures  has  been  shown  to  be 
a useful  engineering  tool  for  design  and  material  selection. 

The  development  of  a standard  test  method  for  plane  strain 
fracture  toughness  indicates  that  the  concepts  of  LEFM*  have 
been  reconciled  with  empirical  results  to  allow  for  the  reliable 
measurement  of  a material  property.  The  use  of  LEFM  is  limited, 
however,  to  cases  of  cracked  bodies  with  small-scale  yielding. 

To  overcome  this,  increasing  effort  has  been  directed  to  the 
formulation  of  a fracture  criterion  which  would  be  applicable 


•The  definitions  of  abbreviations  appear  on  page  v. 
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for  cases  of  both  small-  and  large-scale  plasticity.  The  path 
independent  J- integral  developed  in  1968  has  emerged  as  the 
most  promising  elastic-plastic  fracture  concept. 

The  purpose  of  this  investigation  was  to  evaluate  the 
elastic-plastic  fracture  toughness  parameter,  of  several 

Navy  structural  alloys.  Further,  methods  for  determining  Jj^ 
were  refined.  The  organization  of  this  report  includes  an 
initial  review  of  the  concepts  of  LEFM.  The  J-integral  will 
then  be  introduced  in  a discussion  of  elastic-plastic  fracture 
mechanics.  A review  of  the  Jjc  data  base  for  structural  alloys 
will  be  presented.  Finally,  test  results  for  seven  Navy  alloys 
will  be  developed  and  test  procedures  will  be  detailed. 

BACKGROUND 


LINEAR  ELASTIC  FRACTURE  MECHANICS 


Classical  characterization  of  tlie  mechanical  properties  of 
engineering  materials  has  involved  the  use  of  parameters  from  a 
simple  tensile  test  (yield  stress,  ultimate  tensile  strength, 
elongation,  and  reduction  of  area'  as  tlie  basic  properties  con- 
trolling strength  failures  of  load-bearing  structures.  Design- 
ers have  used  the  material  yield  strength  as  the  principal 
design  parameter  attempting  to  keep  stresses  throughout  the 
structure  at  or  below  a chosen  fraction  of  the  yield  stress  of 
the  material  being  used.  Considerable  dvictility  is  required  of 
engineering  materials  to  blunt  local  excursions  of  stress  above 
yield  stress  such  as  those  seen  at  fillets  or  rivet  holes. 

As  materials  with  increased  yield  strengths  were  developed 

and  as  stresses  were  increased,  catastrophic  failures  of  an 

apparently  brittle  nature  were  found  to  occur  well  before  general 

1- 

yielding  conditions  were  present.  Careful  examination  of 


’•A  complete  listing  of  references  is  given  on  page  27. 
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tiwluros  showt'd  qt'iu't.^llv  that  lapul  v'l  .u'k  oxti'nsiv'n  Ov-v-'nii  ivl 
from  a prooxistinvj  flaw  or  >.loto>.’t  ^(.'tton  a wt'Kl  t I aw  v't  tat  tvjur 
oraok  eiuanat  iuvi  from  a rov]ion  v'f  Iviah  looal  ati  oss''.  in  suoh 
oasos,  t ho  vlist  V ibvit  ioiA  v''t  tottaiU'  aotv'.su  a i «'a  u'n  i.*ont  a 

iiui  a proostst  vuv)  tlaw  ioav\ltod  ti\  olovatoJ  ton.-^ilo  atios:; 
ad  laootit  to  t ho  oraok  tip.  In  o.nu'a  wht'it'  o.it  .ist  i opli  i o tapul 
oraok  oxtonsion  oooui  rod,  t ho  olov.it  Ov.1  tonuilo  at  ross  .it  t (to 
oraok  tip  o.iusod  t ho  m.itoriala  tvaotuio  touohin'aa  oi  loaiatanoc' 
to  or.iok  oxt  ona  ion  to  bo  ox«.'oo<lod  and  t .i  i Uu  a*  i^'anltovi. 

Tfio  fiiat  at  I'p  ui  ohat  .lot  ot  lo  ina  the'  ic'a  i at  .iiie'e'  e't  mate'!  lala 
to  ov.iok  oxtonaion  ia  to  e'at.ibliah  the'  n.itnie'  ot  the'  atie'a-a 
olt>v.\t  ion  .it  .1  oraok  tip  sub  i e'e't  e'el  to  .i  te'in-ile'  K-'.nl.  'l'he> 

atroaaoa  aiiil  atr.iina  ne'.ii  .i  plan.ir,  t we'-d  I e'me'ti.a  i iina  1 I'lai'k  in  .i 

•J 

larao  ol.ist  io  bexiv  oan  be'  e'xpi  e'aae'vi  by  t tu'  te'lU'wina  expi.it  ie>n;  ’ 
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wheL'ie'  S ^ ^ ^ ' -lud  lb  ^ {I  ^ .lie'  tuiK't  le'iia  i' t !>  aa  oive'ii  by  Willi.ima 

whioh  .iro  on  the'  e’'i\it'i  e't  unity,  .uui  the'  e->i  lain  >'t  v'e^e^ial  i n.it  oa 
is  t .ike'll  .it  the'  t'epi  V.l  le'llt  v'lae'k  t ip  .IS  alu'WIl  ill  KlaUle'  I,  vhe' 

I Vl  t t'niia  e'at.ibliah  the'  ordeir  e'f  t tie'  auuiul.it  ity  but  .u  e' 

ilKle'pe'llete'nt  e' f t tie'  type'  Ot  Ol  .Iv'k  pi  e'Se'Ut  , t tie'  ete't.llla  e' t t tie' 

lo.lelina  applie'ei,  .lllei  e'ttle'l  ae'e''llle't  I I v'  de't  .1  I I a v' t t tie'  e'lMv'ke'd  be'eiy  . 

ttl  ttle'Se'  e'Xpie'Sa  i eina  eie'pe'llela  Oil  t tie'  ape'e'ltie'  OV.lv'k  .lllvi  be'dy 

aooiiie't  ry  .iiivt  tile'  .ape'e'itie'  le'.uiina  appliext  tv'  t tu'  bv'vly . file' 

form,  tlie'ie'foie',  se't  a tile'  atie'sa  .lllvi  ati.iin  inte'iiaity  v'v'i  i e'- 

svx'iiviiiivi  to  the'  p.n  t ioul.u  v'l.iv'k  >}e'v'me't  ry  .iiivi  v'v'ut  iviui.it  iv'ii. 

Vhia  t e'rm  ia  v'.illt'vi  tlu'  atte'aa  inte'iiaity  t.u'tv'i.  Stie'aa  inte'ii- 

aity  t.iv'tv'r  Ve' l.it  iv'iiati  ipa  v'.in  be'  v'bt.iiiu'vi  t tu  a'lnili  .in.ilyt  iv'.il 

.lllvi  e'Xpt'r  lllle'llt  .1 1 t e'v'lin  ivlUe'S  .lllvi  .He'  t .ll'U  1 .1 1 e'vi  III  ll.lllvil'v'v'k  a 
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by  T.ivia,  P.iria,  Irwin,  .itivi  jtili  tv'i  m.iny  v'l  .iv'k  v'v'iit  iviui  at  u'li 
e'f  int  I't  oat  . 
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extent  ot  the  I'l.istie  i-ene,  .nut  e is  tin'  0..'  I'c'ieent  ettsc't 
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tensile  yield  stress.  It  is  pin'Cept  et  l.KKM  th.it  .is  K'lui  .is 
the  pl.ist  ic  .'.one  is  sm.i  I I eomvvii  evi  to  tlu'  .list.iiu't'  1 1 eiii  t lie 
cvAck  t ip  to  the  l'oiind..iry  I't  the'  spe^'isin'ii  oi  struotui.il  ooiii- 
ponent  , the  el.istio  s iuviu  l.ir  1 1 y 'Mom  i n.it  es  " .mJ.  t r.iot  ui  e 
initiates  ^ tor  bKvie  I oi'enino'  when  Kj  re.iolu's  .i  iii.it  ei  i .i  I s 
constant,  re.j.irdless  ot  the  det.ul.i  vM  the  tr.iotuie  iiiech.i 

nism  within  the  pl.ist  ic  rone.  Kev'O'.uniendt'd  pr.ictioe^'  tor  , 
determinat  ion  reviu  i res  : 
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where  a is  the  cr.ick  lenutlv  r>  is  the  si'ecimen  thickness-  .ind  W 
is  the  Sfit'ctnien  width.  Hy  comparison  with  bk^uat  ion.-i  .ind 

this  in  ett'ect  requires  the  princip.il  spev'uuen  duiiensiv'ns  to  he 
on  the  order  ot  ‘'0  t imes  the  sire'  ot  the'  v'l.ist  ic  rone'. 

Application  of  la-tb'M  in  desiun  v'l  ra.ite'ii.ils  se'lectu'n 
involves  knowlevloe  of  the  pl.aiie'  strain  tr.ictuie'  t oiuihiu'ss 
prob'erty,  Kj,,  the'  ue'v'iiie't  ry  ot  cracks  pi  e'Se'iit  v'l  like'ly  to  be' 
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present,  and  an  assessment  of  the  loads  likely  seen  by  the  cor..' 
ponent.  Utilizing  the  appropriate  stress  intensity  lunction, 
one  can  assess  the  maximum  allowable  crack  sice  for  t'ach  t yne 
of  flaw  vdiich  might  exist  for  each  candidate  material  for  a 
given  application. 

Combination  of  LEFM  theory  with  nondestructive  test  methods 

has  reduced  the  number  of  catastrophic  failures  in  structures  to 

which  it  has  been  applied.  Design  and  material  specifications 

based  on  LEFM  concepts  have  been  recently  adopted  by  the  American 

Society  of  Mechanical  Engineers  as  part  of  the  ASME  boiler  and 

12 

pressure  vessel  code,  by  the  American  Association  of  State 

Highway  and  Transportation  Officials,^"'  and  bv  the  United  States 

l4 

Air  Force  among  others. 


ELASTIC -PLASTIC  FRACTURE  MECHANICS 


Although  LEFM  is  being  utilized  more  commonly,  it  suffers 
from  limitations  of  applicability.  Fully  constrained  plasticity 
requires  that  LEFM  be  used  for  high-strengtli  materials  or  for 
very  thick  sections  in  a structure.  For  this  reason  no  valid 
K.,  data  have  been  obtained  for  common  Nav\-  structural  allos’s. 

It  is  in  addressing  this  limitation,  then,  that  the  elastic- 

plastic  fracture  toughness  parameter  J has  come  to  bear. 

1 R 1 f\ 

In  1968,  Hutchinson^^  and  Rice  and  Rosengren^  developed 
a singularity  solution  for  stresses  and  strains  near  a planar, 
two-dimensional  crack  in  a power  hardening  elast ic-plast ic 
material.  This  solution  can  be  written  in  a form  similar  to 
that  of  the  elastic  solutions  (Equation  (1)): 
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where  a • 


= equivalent  stress  at  unit  strain 
= equivalent  stress  at  unit  strain 


17 

= function  of  N given  approximately  by  Shih 

= 10.5/0.15  + N - 4.8n 

* * 15 

S- • = functions  of  0 given  by  Hutchinson  ^ which  are 

on  the  order  of  unity 

In  this  expression,  the  following  power  law  hardening  stress 
strain  relationship  in  the  nonlinear  region  is  assumed  to  apply; 

cr  = (<  (7) 

This  is  an  asymptotic  solution  to  a nonlinear  elastic  or  deform- 
ation plasticity  model.  Nonetheless,  this  idealized  material 
has  many  properties  similar  to  strain  hardening  elastic-plastic 
materials  of  engineering  importance. 

In  the  special  case  of  N-1,  an  elastic  material  is  modelled 
and  the  singularity  reduces  to  the  elastic  singularity  of 
Equation  (1)  (for  plane  strain),  with: 

J _ (8) 

where  E is  the  elastic  modulus,  and  i<  is  the  Poisson's  ratio. 
Thus,  the  LEFM  singularity  given  by  Equation  (1)  is  in  fact  a 
special  case  of  the  more  general  .Hutchinson,  Rice-Uosengren 
singularity  of  Equation  (6).  This  suggests  that  the  J^.  param- 
eter is  the  more  general  and  more  widely  applicable  fracture 
parameter  than  the  LEFM  parameter  K^. 

To  evaluate  J^.  as  a function  of  the  specific  crack  geo- 
metries and  applied  loadings  of  interest  requires  using  the 

1 ft 

definition  of  as  a path  independent  integral  given  by  Rice. 
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The  coordinates  for  this  definition  are  desvMihed  in  Kiiinie  d. 

Theoretically,  Equation  can  lu>  used  with  tinite  tdemtuit 

or  other  numerical  methovis  to  dt'veU^p  eispii  ical  equal  ions  itu’inu 

J ^ as  a funct  icni  of  applitsl  loavl  and  m ack  ueometiy  toi  stiuc- 

tural  conf  iqurat  ions . In  practice,  this  has  not  yet  heen  vtone 

due  to  the  hiqh  costs  ot  deiiviuq  t lu'  many  solutions  lequiiast. 

Id 

However,  lUicci,  et  a I , have  shown  that  tor  a riuid  plast  ic 
mateiial,  ci'uld  be  ev’a!uat<'d  1 1 oiti  the  ti'llowiisj  exprt'ss  i on  j 
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(.'rack  tip  I'ptMiinv)  d i sp  I acenuMvt 
spt'v'imen  thiv'kuess 
plastic  limit  I oad 

v'l  ack  leiujt  h 

1 for  cent  i. jurat  ions  with  ont>  I'lav'k  t ip 
d tor  coiitiijuiat  ion  with  t wv>  ciav'k  t i ps 


For  example,  the  solutiv'ii  toi  t lu'  v'ompav't  tension  .qss’imen  can 
be  developed  by  ut  iliziisj  the  limit  load  expression  v't  Meikl«> 
Corteui.*  This  \’ields  the  tolli'wiisj  t'xpressu'n  atlei  simi'liti 
cat  ion: 


1 . dt' 


ys 


V 


f W‘  i a' 


I 1 ' 


I 


( 


i 


I 


where  is  the  yield  stress,  W is  specimen  width,  and  a is 


specimen  crack  length.  Other  results  similarly  obtained  by 
Bucci,  et  al,^^  and  Begley,  et  al,^^  have  shown  that  Jj.  depends 
linearly  on  a displacement  or  nominal  strain  variable. 

In  review,  what  has  been  suggested  by  various  authors  and 
detailed  above  is  that  fracture  mechanics  can  be  extended  into 
the  elastic-plastic  regime  byusing  the  HRR  singularity  solu- 
tion for  stress  and  strain  near  a sharp  crack  in  a nonlinear 


elastic  solid.  The  fracture  parameter  called  has  been 


shown  to  be  analogous  to  and  in  fact  contains  the  linear 

elastic  solution  as  a special  case.  From  a physical  stand- 

22 

point,  Begley  and  Landes  have  suggested  that  when  reaches 
a critical  value  for  the  material  elastic-plastic  crack 

extension  occurs.  Again,  this  is  a close  analog  to  the  linear 


elastic  case  where  is  measured  at  a maximum  of  2 percent 

11 

crack  extension  under  monotonic  loading. 


Just  as  in  the  case  of  LEFM,  the  applicability  of  the  J. 


parameter  is  limited.  In  the  first  place,  J^.  is  applicable  as 
a fracture  criterion  only  when  the  HRR  singularity  of  Equation 
(6)  prescribes  the  stress  and  strain  conditions  at  the  crack 
tip.  Very  close  to  the  crack  tip  (as  depicted  in  Figure  5)  a 
fracture  process  zone  containing  large  strains,  decohesion 
zones,  voids,  and  other  noncontinuum  fracture  processes  exist. 
These  processes  are  poorly  understood,  but  because  the  Jj. 
annular  region  completely  surrounds  this  zone,  the  Jj.  singu- 
larity dominates.  If  this  fracture  process  zone  was  to  grow 
large  compared  to  the  dimensions  of  the  body,  Jj.  would  not  be 
an  applicable  fracture  parameter.  Long  before  this  would 


happen  though,  Jj  would  fail  as  a fracture  parameter.  If  the 


plastic  zone  extends  across  the  entire  specimen  and  the  material 
strain  hardening  is  low,  a transition  will  take  place  between 
the  HRR  singularity  to  stress  and  strain  fields  defined  by 
rigid  plastic  nonhardening  slip  line  field  theory.  In  this 
case,  no  single  fracture  parameter  would  suffice. 
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I 

I 
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Joyce  and  McClintock  investigated  two  geometries  and 
found  the  following  relationship  limits  the  distance  from  the 
crack  tip  to  the  nearest  boundary: 


(12) 


where  b is  the  distance  from  the  crack  tip  to  the  nearest  bound- 
ary and  <T,,  N,  0-  , and  are  as  defined  previously.  Similarly, 

■'  24  ^ y®  N 

Paris  has  suggested  that  the  specimen  thickness  satisfy  the 
following  relation  for  a test  to  be  valid: 


B > (25  to  40^  ^ (13) 

‘^ys 

Very  little  data  is  available  to  validate  either  relationship. 

22  25 

Landes  and  Begley  and  Pans  have  pointed  out  that  any 
crack  extension  implies  material  unloading  in  the  vicinity  of 
the  crack  front  which  violates  assumptions  of  the  J-integral 
analysis  which  produced  Equation  (6).  is  defined  for  the 

first  increment  of  crack  extension,  but  it  is  obtained  by  extra- 
polating back  from  a J-Aa  resistance  curve  for  which  crack 
extension  is  the  abcissa.  Logsdon^^  has  compared  values 

obtained  from  J^.  with  ASTM-E399  values  and  has  shown  that 
close  agreement  is  obtained.  Until  a test  method  for  deter- 

mination is  developed  which  does  not  require  extrapolation  from 
a J-Aa  resistance  curve,  the  role  of  unloading  due  to  crack 
extension  is  open  to  question. 


SUMMARY  OF  PUBLISHED  J_  DATA 

Ic 

Because  the  development  of  an  elastic-plastic  fracture 

criterion  is  of  great  importance  to  the  pressure  vessel  and 

power  generation  industries,  much  of  the  published  J-integral 

data  reflects  interest  in  materials  commonly  used  in  these 

industries.  In  their  initial  paper  evaluating  the  J-integral 

22 

as  a fracture  criterion,  Begley  and  Landes  reported  test 

results  for  ASTM  A533B  Class  2 pressure  vessel  steel  and  an  | 
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intermediate  strength  Ni-Cr-Mo-V  rotor  steel.  Table  1 presents 
the  mechanical  properties  and  values  for  these  materials 

and  others  which  will  be  discussed  throughout  this  section. 
Three  specimen  types  including  20  mm  (0.?^  inch)  bend  bars, 

25  mm  ( 1 inch)  (ITCT),  and  50  nun  (2  inch)  (2TCT)  thick  com- 
pact tension  specimens  of  A555B  steel  were  tested.  The  A55^B 
steel  was  tested  at  room  temperature  while  the  rotor  steel  was 
tested  at  200  F (93  C),  the  start  of  upper  shelf  behavior. 

The  values  of  Jj.^  reported  were  determined  from  the  maximum 
load,  a practice  which  was  subsequently  found  to  overestimate 
Experiments  with  the  same  Ni-Cr-Mo-V  rotor  steel  using 

several  specimen  types  were  then  carried  out  by  Landes  and 
27 

Begley  to  evaluate  the  effects  of  different  plastic  slip- 

line  fields.  Again,  was  evaluated  at  maximum  load  and  the 

range  of  results  is  included  in  Table  1.  ASTM  A216  WCC  grade 

cast  steel  of  relatively  low  strength  and  high  toughness  was 

28 

then  evaluated  by  Landes  and  Begley  to  establish  test- 
ing procedure  and  evaluate  the  equivalence  of  and 

values  over  a range  of  temperatures.  In  this  effort,  cvirves  of 
Jj  versus  crack  extension  (Aa)  were  constructed  tor  multiple 
specimen  tests  to  allow  examination  of  alternate  measure- 

ment points.  The  test  results  for  six  different  specimen  geo- 
metries taken  at  the  intersection  of  the  best  fit  line  of  the 
crack  extension  points  to  the  crack  opening  stretch  line 
(J  = ) resulted  in  a narrow  range  of  values  shown 

in  Table  1. 

Logsdon^  provided  a comprehensive  evaluation  of  the 
elastic-plastic  fracture  of  rotor  forging  steels.  The  steels 
investigated  included  ASTM  a471  Ni-Cr-Mo-V,  ASTM  a469  Ni-Mo-V, 
ASTM  a470  Cr-Mo-V,  AISI  403  modified  12-Cr  rotor  forging  steel, 
and  ASTM  A217  2 1/4  Cr-l  Mo  cast  steel.  This  work  is  important 
because  iTCT  specimens  were  removed  from  heats  of  these  steels 
for  which  corresponding  values  had  been  obtained.  The 

I Landes-Begley  resistance  curve  technique  was  employed  and  teats 

j were  carried  out  over  a temperature  range  from  10-24  C (l8-4^  F) 

I 


10 


1 


above  the  maximum  temperature  where  valid  Kj.^  values  were  j 

generated  with  ITCT  specimens  to  the  temperature  where  0 percent  ] 

brittle  fracture  first  occurred  in  Charpy  V-notch  test  results. 

Logsdon  showed  that  evaluated  from  results  corresponded 

closely  with  valid  results  obtained  specimens  as  large  as 

8tct  . 


TABLE  1 - SUMMARY  OF  PUBLISHED 

TEST  DATA 
Ic 


Material 

Refer- 

— 

YS 

— 

UTS 

Elonga- 
t ion  f 

RA 

Jje  Teel 
Temperature 

^IC 

Comments 

ence 

MPa 

MPa 

r 

c 

KPa-m 

ASTM  A5  na  CL2 

22 

[483 

L . . 

2.4 

l.b5-i.8_0 

HSST  material 

Ni-Cr-Mo-V  Steel 

22 

SI? 

102’ 

16 

9 3 

149-173 

Ni-Cr-Mo-V  Steel 

.iJ.  . 

917 

1021 

lb 

121 

172-187 

A.il6WCC  Caat  Steel 

28 

^ 2b 

10  3 

^ 510 

lb 

34 

121 

289-315 

ITCT-4TCT  specimena 
only 

Ni-Cr-Mo-V  Steel 

931 

1023 

1 b . b 

5b.  7 

65 

105 

121 

12.3  , . 

Ni-Mo-V  Steel 

2b 

590 

721 

21.8 

6 2.5 

149 

140 

Cr-Mo-V  Steel 

2 b 

('  2b 

784 

W.  1 

4b.  9 

149 

81 

AISI  403  MOD  12  Cr 

2C> 

bH2 

821 

lb.  8 

48.5 

200 

83 

149 

10  _ 

2 1/4  Cr-lMti  Cast 

419 

57  ) 

17.8 

42.8 

-4b 

lb2 

steel.,  . 

24 

140 

Ti-bAl-4V 

28 

85H 

923 

13.5 

39.5 

24 

33-43 

A1  2024-T  3S1 

30 

338 

49  2 

21.5 

2 3.5 

24 

15 

B « 2 . 36  cm 

Al  700S-T  b351 

30 

358 

408 

12.5 

29.0 

24 

22 

Center  plate 

B ■ 2.24  cm 

Nl-Cr-Mo-V  Steel 

31 

770 

89  3 

20.  b 

bl.  1 

149 

105 

CT  specimens 
only,  fatigue 
precracked 

Al  bObl-T  bSl 

31 

27b 

324 

14 

3 2 

24 

lb 

Fatique  pre- 
c racked 

HY  130 

32 

986 

1048 

21.0 

68 

24 

215 

■ - - 

Piw-al 

2Q 

Yoder  and  Griffis  evaluated  the  elastic-plastic  fracture 
toughness  of  Ti-6Al-4v  with  3-point  bend  bars  of  two  different 
thicknesses  and  crack  lengths.  Again  the  Landes-Begley  resist- 
ance curve  was  employed,  and  results  are  shown  in  Table  1. 

50 

Subsequently,  Griffis  and  Yoder  evaluated  the  of  two 

aluminim  alloys,  2024-T351  and  7005“T6351*  The  results  shown  in 
Table  1 are  derived  from  the  multiple  specimen  resistance  curve 
technique  using  3-point  bend  bars. 
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1 

1 


Begley  and  Logsdon^^  evaluated  of  ASTM  a471  Ni-Cr-Mo-V 

rotor  steel  and  Al  606l  t6.  Various  specimen  geometries  and 
root  radii  were  evaluated,  and  the  results  shown  in  Table  1 
cover  only  tests  employing  fatigue  cracks.  This  is  the  first 
attempt  to  show  empirically  that  provides  a convenient 

engineering  technique  to  predict  fracture  behavior  of  engineer- 
ing technique  to  predict  fracture  behavior  of  engineering  struc- 
tures containing  notch-like  defects  of  finite-root  radius. 

32 

Most  recently,  Kamath  and  Harrison  evaluated  ductile 
crack  extension  criteria  in  HY  130  steel.  Both  J^.  and  COD  were 
evaluated,  and  results  of  test  methods  and  computational  methods 
are  reported.  Table  1 includes  their  test  results  developed 

by  using  single-edge  notch  cantilever  beam  specimens  and  employ- 
ing the  multiple-specimen  test  method. 

TESTING 

Ic 

MATERIALS 

Seven  alloys  were  evaluated  in  the  test  program  reported 
herein.  These  included  HY  SO,  HY  150,  10  Ni-Co-Cr-Mo  and  17-4ph 
steels,  and  titanium  alloys  T i-OA 1 -2Cb- lTa-0. Smo,  Ti-7Al-2Cb- 
iTa,  and  Ti-6Al-4v.  The  chemical  com(>osition  and  tensile  mech- 
anical properties  of  these  materials  are  presented  in  Tables  2 
and  3,  respectively.  All  materials  were  supplied  in  the  form 
of  rolled  plate. 


TABLE  2 - CHEMICAL  COMR^S  IT  ION  OF  TEST  ALLOYS 


Nat  •rial 

c 

. P 1 SI  1 Ml  1 01  1 IK.  1 V I 8 1 

06  1 

T«  1 On  1 M I Oo  1 Ti 

&<] 

h»lc«l  VtH 

iiKiit  wx  .jmahL  mstiiU 
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C.  l^iH 

0.2'^ 
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0.  M 

1.3^ 

0.44 

0.0  IS 
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HY  MC  (FKS) 

0.  ll 

0.76 

o.oos 

0.  U 

*..00 

0.1*2 

0.^3 

o.iMe 

0 . IXMl 

0 . 022 

0.021 

0.02 

0 , OOH 

10  Ml  SI  Ml  IIZO) 

0.  1? 

0.  ll 

0.007 

0.07 

10. 

1 

1 t\'7 

O-iV' 

7.7S 

0 . 0l\’ 

17-ltPH  (SMin 

o.cn 

0.20 

0.02^ 

lo.ST 

4.2H 

IS.‘W 

o.oiv 

c 

.27 

O.Ol 

3 . 3 

Titiniuw  M1oy». 

CPmn?ait  itfn 

JSYiii!!'-  fiiEtnO 

j|at«iial 

c* 

1 _ji 

r« 

gl. 

Ta 

.0  . 1 

M 

V’ 

0.02 

o.oill 

0.0*> 

S.P 

1 ^ 

0.‘>2 

O.HO 

0.'>4 

0.1  vs  2 

ifBS) 

Tl-rJa-^rt)-  iT« (r**i 

O.Olv' 

0.00^7 

< . 12 

f..S2 

2.22 

1 . 3S 

0.032 

O.Ol’’^? 

Tl  -Ml-Uv  (FOO) 

0.021 

0.012 

0.  l^ 

f .2S 

0. 

0.1X''31 

3.gs 

TABLE  3 - TENSILE  MECHANICAL  PROPERTIES 
OF  TEST  ALLOYS  (TRANSVERSE  ORIENTATION) 


T 


I 

1 


Alloy  (Code) 

Heat  Treatment 

0 . YS 

MPA 
(Ksi) 

UTS 

MPa 

(4si), 

Elong- 
tion  % in 
2 in. 

Reduction 
of  Area 

■r> 

HY  80 
(EFI) 

900  C,  1 hr,  w/o 
$90  C,  1 hr.  W/Q 

544 

(79) 

67t^ 

(99)1 

27 

66 

HY  130 
(FKS^ 

830  C,  1.5  hr,  w/q 
630  C,  1.5  hr.  W/O 

^37 

(136) 

^78 

(142) 

21 

55 

10  Ni 

Steel 

(EZC) 

885  C.  1 hr,  w/o 
815  C,-  1 hr.  W/Q 
510  C.  5 hr.  W/Q 

1300 

(180) 

1452 

(211) 

19 

69 

17 -4  PH 
(ENU) 

1040  C,  1 hr,  A/C 
590  C,  4 hr,  A/C  . 

nF3 

tl28)_. 

972 

(141) 

11 

64 

ti-6Al-2Cb- 

lTa-0.8MO 

(FBS^ 

As  received 

Hot  rolled 

700 

(101) 

792 

(115) 

13 

23 

Ti-7Al-2Cb-lTa 

(FAR) 

1090  C.  1 hr,  a/c 

665 

(96) 

74i 
( 108) 

10 

23 

Ti-6A1-4V 

(FGU) 

^ - ■ 

822 

(119) 

934 

(136) 

11 

16 

TEST  PROCEDURES 

Modified  compact  tension  specimens  were  produced  from  each 
material  according  to  Figure  4,  This  specimen  allows  for  clip 
gage  placement  on  the  load  line.  In  all  cases,  the  crack  plane 
was  placed  in  the  T-L  orientation.  All  specimens  were  fatigue 
precracked  as  per  ASTM  E399~74  to  a total  "notch"  depth  of 
38  mm  (1.5  inch),  that  is  a/w  = 0.75»  where  a is  the  crack 
length  and  W is  the  specimen  width.  All  elastic-plastic  frac- 
ture toughness  tests  were  carried  out  at  room  temperature  with 
a displacement  controlled  test  machine.  Maximum  cross-head 

speed  was  0.25  mm/min.  The  multiple-specimen  test  procedure 

28 

was  as  suggested  by  Landes  and  Begley.  The  specific  steps 
in  this  test  sequence  and  data  analysis  are  as  follows: 

1.  For  each  material,  at  least  four  individual  specimens 
were  loaded  to  different  crack  opening  displacement  values, 
and  corresponding  load-displacement  plots  were  produced. 

2.  Individual  specimens  were  then  unloaded,  and  the  cracks 
were  marked  by  heat  tinting.  For  steels,  the  heat  tinting  was 
accomplished  by  placing  specimens  in  a furnace  at  370  C for 


i 


I 


I 
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1/2  hour  followed  by  air  cooling.  Titanium  alloys  were  heated 
to  760  C for  a similar  period  followed  by  air  cooling.  Speci- 
mens were  then  pulled  apart  at  liquid  nitrogen  temperature  to 
minimize  plasticity  effects  during  separation. 

3.  Crack  extension  was  measured  with  a travelling  stage 
microscope  over  nine  evenly  spaced  points,  including  the  center 
line  of  each  specimen  and  excluding  the  points  at  each  side  of 
the  specimen. 

4.  Jj  values  were  calculated  from  the  load  point  displace- 
ment curve  for  each  specimen  according  to  the  relation  Jj=2A/Bb; 
where  A is  the  area  under  the  curve  to  the  point  of  unloading; 

B is  the  specimen  thickness;  and  b is  the  uncracked  ligament 
measured  from  the  end  of  the  crack. 

5-  For  each  alloy  tested,  a plot  of  versus  crack 
extension  was  constructed.  a least  squares  straight  line 

was  fit  to  all  data  with  greater  than  05  mm 

where  = ((Tyst‘^UTs)/2.  J Ic  was  taken  as  the  intersection  of 

the  above  line  and  the  crack  opening  stretch  line  J . 

6,  Validity  analysis  was  carried  out  according  to  the 
criterion; 

J 

I 

B 5 40  

\s 

Single  specimen  tests  utilized  a computer  interactive  test 
procedure  uniquely  developed  for  evaluation.  The  key 

requirement  for  carrying  out  a single  specimen  test  for  is 

the  ability  to  accurately  measure  crack  length  at  a series  of 
points  along  a load-displacement  record.  In  this  program,  com- 
pliance measurements  were  taken  during  short  unloadings  along 
the  load-displacement  record  to  estimate  crack  length  and  crack 
advance.  A schematic  of  the  computer  inter.»ct  ive  test  system 
employed  for  this  purpose  is  shown  in  Figure  5-  Analog  signals 
from  the  clip  gage  and  load  transducer  are  digitized  and  read 
by  the  computer  approximately  once  per  second.  These  data 
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are  stored  on  tape  and  plotted  as  a real  time  load  versus  COD 
plot.  During  the  test,  several  unloadings  on  the  order  of  10 
percent  of  the  maximum  load  are  carried  out.  For  each  unload- 
ing the  area  under  the  load-displacement  curve  is  computed  and 
a linear  regression  fit  of  the  slope  of  the  unloading  line  is 
used  to  estimate  the  present  crack  length  and  crack  extension 
from  the  following  compliance  expression: 

§ = 1.000196-4.06^19  Uj^j^fll.242  U^^^-106.043 

5 ( 

+ 464.355  Uj^j^^-650.677 

where 

1 

“lL  ■■  ,_BEJ ^ 

((1-v  )p/ 

and  ^/P  is  the  specimen  load  line  compliance. A unique  Jj 
versus  ^3  pair  is  obtained  for  each  unloading  and,  in  turn, 
stored  on  magnetic  tape.  At  the  conclusion  of  test,  a plot  of 
Jj  versus  ^a  from  the  compliance  estimate  was  produced  and 
was  estimated  by  the  criteria  outlined  in  the  multiple  specimen 
test  method.  Single-specimen  tests  were  performed  with  HY  130, 
10  Ni  steel,  17-4ph  steel,  as  well  as  titanium  alloys  Ti-7Al- 
2Cb-lTa  and  Ti-6Al-4v. 

RESULTS  AND  DISCUSSION 

Specific  values  for  multiple-  and  single-specimen  tests 

are  reported  in  Table  4 including  a sunmary  of  specimen  v'alidity' 
calculations  and  equivalent  calcul.xtions  from  Equation  (6K 

The  Jj  versus  crack  extension  resistance  curves  for  HY  60, 

HY  130,  10  Ni  steel,  17-4ph  steel,  and  titanium  alloys  Ti-6Al- 
2Cb-lTa-0.8Mo,  Ti-7Al-2Cb-lTa,  and  Ti-t'Al-4v  are  presented  in 
Figures  6-12,  respectively.  Each  of  these  figures  shows  the 
blunting  line  and  least  squares  linear  regression  fit  of  indivi- 
dual data  points.  The  intersection  of  these  two  lines  defines 


the  critical  for  initiation  of  crack  extension.  Figure  15 
presents  a typical  load-displacement  curve  for  single-specimen 
tests  (HY  130)  showing  periodic  unloadings  to  develop  crack 
extension  estimates. 


Figure  14  is  a compilation  of  multiple-specimen  data  for 
the  four  steels  tested.  The  data  suggest  the  dual  analysis 
available  with  testing.  The  superior  fracture  toughness 

of  irST  130  in  comparison  with  17-4 PH  of  similar  yield  strength 
and  10  Ni  steel  is  obvious.  The  slopes  of  the  J-Aa  resistance 
curv’es  decrease  monotonically  with  increasing  yield  strength. 
When  considering  HY  t'O,  the  combination  of  low  Jj.^  and  high 
J-;\a  slope  implies  that  HY  80  is  less  resistant  to  crack  initia- 
tion but  is  more  resistant  to  crack  extension  beyond  1 nm  than 
any  of  the  steels  tested. 

Lacking  other  valid  fracture  toughness  values  for  these 
steels,  the  data  presented  in  Table  4 provide  the  best  descrip- 
tion of  their  fracture  toughness  properties.  The  HY  I'O  data 
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presented  suggest  that  6t  ( I50  mm)  compact  tension  specimen 
tests  would  be  required  to  produce  valid  plane  strain 
results . 

The  multiple-specimen  J-Aa  data  for  the  three  titanium 
alloys  is  presented  in  Figure  I5.  This  figure  points  up  the 
wide  variation  in  fracture  toughness  values  with  similar  J-Aa 
resistance  curve  slopes.  The  data  shows  that  for  this  class  of 


alloys,  Jj.^  clearly  discriminates  on  the  basis  of  crack  initia- 
tion. The  calculated  value  for  Ti-6Al-4v  indicates  that 

this  material,  possessing  an  acicular  alpha  microstructure  with 
evidence  of  prior  beta  grain  boundaries,  is  on  the  lower  bound 
of  published  valid  data  for  the  alloy. 

Analysis  of  multiple-  and  single-specimen  test  data  shows 
that  both  test  methods  produce  equivalent  values.  The  data 

in  Table  4 shows  that  the  from  single-specimen  tests  runs 

from  3 to  21  percent  higher  than  from  multiple-specimen 

tests.  With  the  exception  of  Ti-7Al-2Cb-lTa,  the  single  speci- 
men method  consistently  produces  higher  J-Aa  resistance  curve 
slopes.  This  results  from  the  fact  that  considerable  crack 
front  curvature  existed  with  all  materials  except  Ti-7Al-2Cb- 
iTa.  When  cracks  tunnel,  the  compliance-calculated  crack 
length  is  smaller  than  the  average  of  nine  measured  points 
across  the  specimen.  At  this  time,  there  is  a question  regard- 
ing the  best  method  to  characterize  actual  crack  extension. 

Final  9“Point  average  crack  length  measurements  shown  on  Figures 
7*  8,  9*  and  11  suggest  equivalence  between  single-  and  multiple- 
specimen  tests  when  identical  crack  length  measurements  are  used. 

The  single-specimen  test  method  is  preferable  to  the 
multiple-specimen  method  for  several  reasons.  The  single  speci- 
men method  produces  a and  a J-Aa  resistance  curve  for  each 

test.  When  several  specimens  are  available,  the  multiplicity 
of  Jj^  values  allows  for  statistical  analysis  of  material  vari- 
ability. The  single-specimen  method  allows  for  J^^  tests  to  be 
carried  out  in  various  environments  and  over  ranges  of  tempera- 
tures. The  large  number  of  data  points  allows  for  better 
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analysis  of  the  slope  and  shape  of  the  J-Aa  resistance  curve. 
Lastly,  this  method  is  more  likely  to  be  applicable  in  quality 
assurance  testing  of  Navy  structural  alloys. 

CONCLUSIONS 

1.  fracture  toughness  values  have  been  measured  for 
HY  So,  HY  130,  10  Ni  steel,  17-^PH  steel,  Ti-t>Al-2Cb-lTa-0.SMo, 
Ti-7Al-2Cb-lTa,  and  Ti-6Al-4v.  These  data  provide  valid  char- 
acterization of  fracture  toughness  properties  in  the  elastic- 
plastic  regime. 

2.  Jj  is  seen  as  an  effective  parameter  in  describing 
fracture  toughness  and  distinguishes  between  toughness  at  crack 
initiation  and  resistance  to  crack  extension. 

3.  In  the  case  of  Ti-6Al-4v,  J..  was  shown  to  predict 

Ic 

valid  plane  strain  fracture  toughness  values. 

4.  A computer  interactive  single-specimen  test  method 

has  been  developed  and  shown  to  be  equivalent  to  the  multiple- 

specimen  method.  The  advantages  of  the  single-specimen  method 

include  more  efficient  use  of  available  material,  greater 

detail  in  test  data,  multiplicity  of  values  for  analysis 

Ic 

of  material  variability,  and  potential  to  test  over  a range  of 
environments  and  temperatures. 

ACKNOWLEDCiMENTS 

The  authors  wish  to  thank  Mr.  R.  J.  Stockhausen  for  assist- 
ance in  specimen  preparation  and  Mr.  J.  Keith  Donald  of  DEL 
Research  Corporation  for  advice  in  developing  single-specimen 
test  procedures. 


18 


Figure  1 - Crack  Tip  and  Equivalent 
Crack  Tip  Coordinates 
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Figure  7 - Versus  Crack 
Extension  for  HY  150  Steel 
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Figure  11  - Jj  Versus  Crack 
Extension  for  Ti-7Al-2Cb-lTa 
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Figure  14  - Jj  Versus  Crack  Extension 

from  Multiple-Specimen  Tests 
of  High-Strength  Steels 
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